In Brief
Granzyme B, released by cytotoxic immune cells, causes cell death by targeting key proteostatic proteins and pathways in a range of pathogenic bacteria.
INTRODUCTION
Natural killer (NK) and cytotoxic T lymphocytes trigger programmed cell death of infected cells by releasing cytotoxic granule contents into the immune synapse formed with the target cell (Lieberman, 2012) . The cytotoxic granule pore-forming protein, perforin (PFN), delivers the death-inducing granzyme (Gzm) serine proteases into the target cell, where they cleave multiple substrates to kill the target cell. These cytotoxic cells also kill intracellular bacteria and protozoa (Dotiwala et al., 2016; Walch et al., 2014) . Granulysin (GNLY), another pore-forming protein in the cytotoxic granules of killer cells of most mammals, but not rodents, selectively permeabilizes microbial membranes (Stenger et al., 1998) and delivers the Gzms into intracellular microbes to cause rapid microbial death before the host cell is killed. Transgenic mice expressing GNLY in killer lymphocytes are better able to defend against L. monocytogenes (Lm), Trypanosoma cruzi, and Toxoplasma gondii infections than wild-type mice, which lack GNLY. Gzms A and B, the most abundant and best studied of the 5 human Gzms, rapidly trigger oxidative bacterial death by cleaving and disrupting electron transport chain complex I (ETC I), which generates toxic superoxide anions. At the same time, the Gzms degrade bacterial oxidative defense enzymes to disrupt the ability of bacteria to survive oxidative stress.
Aerobic bacteria begin to die within 5 min of exposure to GzmB and GNLY. However, bacteria, grown under anaerobic conditions or lacking ETC I, which do not generate reactive oxygen species (ROS) after GzmB and GNLY treatment, still die, but more slowly, within $1 hr . Similarly, incubation with ROS scavengers or overexpression of oxidative defense enzymes protects bacteria from rapid Gzm-mediated death but does not prevent slower oxidation-independent death. These findings suggest that the Gzms kill bacteria by cleaving other bacterial substrates not involved in oxidoreduction reactions or oxidative defense. To uncover other bacterial cell death pathways unleashed by the Gzms, here, we used differential proteomics to identify candidate GzmB substrates in three evolutionarily diverse bacterial species, E. coli (Ec), Lm, and M. tuberculosis (MTB). We found that GzmB targets functionally related substrates in these bacteria and selectively cleaves proteins involved in critical biosynthetic and metabolic pathways. In particular, proteins needed for protein synthesis, the target of most antibiotics, were shared GzmB substrates. We biochemically validated some of these GzmB substrates and showed that GzmB causes bacterial ribosome disassembly and blocks protein synthesis.
RESULTS

GzmB Cleaves a Conserved Core Set of Vital Proteins in
Escherichia coli, Listeria monocytogenes, and Mycobacteria tuberculosis We previously used 2-d IEF-SDS-PAGE differential proteomics to identify Gzm substrates in mammalian cells with high specificity (Jacquemin et al., 2014; Martinvalet et al., 2008; Rajani et al., 2012) . More recently GNLY and Gzms were shown to rapidly kill Ec, Lm, and Staphylococcus aureus . Because earlier studies indicated that MTB was susceptible to high GNLY concentrations (Stenger et al., 1998) , and because of the clinical importance of mycobacterial infection, we also examined whether GNLY and GzmB also efficiently kill mycobacteria, using the nonpathogenic M. smegmatis (Ms) strain as a model ( Figure S1A ). The two cytotoxic molecules at nanomolar concentrations killed Ms much more effectively than either molecule on its own. Because bacterial killing appears to be strain-independent, it is likely that killer cells are active against mycobacterial species in general, including MTB. To identify GzmB substrates in Ec, Lm, and MTB, bacterial lysates were incubated for 30 min with active or proteolytically inactive, S-A active site mutant GzmB, and the lysates were analyzed by silver staining 2-D gels. We were able to resolve most of the bacterial proteome (Ec, 2, 053, Lm, 1, 978, and MTB, 3, 375 protein spots) . Spots that disappeared in the active GzmB-treated sample were analyzed by mass spectrometry. Proteins identified by multiple peptides that migrated with the expected MW and pI of the spot were selected as potential substrates. GzmB cleaved bacterial proteins selectively. 278 candidate Ec substrates (14% of resolved spots), 163 (8% of resolved spots) in Lm, and 334 (10% of resolved spots) in MTB were identified (Table S1 ). Candidate substrates are shown for each bacterial species in pathway maps in Figures 1A and S1B. In addition to previously identified ETC complex I and oxidative defense enzymes , many putative substrates were concentrated in aerobic and anaerobic metabolism and protein, nucleotide and fatty acid biosynthetic pathways. In addition, bacterial defense pathways that cope with heat shock, DNA damage, and protein folding stress (i.e., Clp proteases, see below) were enriched in targets. The substrates also included virulence factors and other antibiotic drug targets (i.e., gyrases).
To compare the substrates across species, we used the Cluster of Orthologous Group (COG) (Galperin et al., 2015; Gil et al., 2004) mapping to find common orthologs in the GzmB targets in these 3 diverse bacterial species. The candidate substrates mapped to 251, 143, and 232 COGs in Ec, Lm, and MTB, respectively (Tatusov et al., 1997) (Figure 1B ; Table S1 ). COGs were generated by comparing the protein sequences of complete genomes combined with careful manual curation of COG membership and functional annotation (Galperin et al., 2015 ). 20 COG proteins were shared candidate substrates in all three species and 132 were shared in at least two species (p value = 10 À33 ). The 20 common COG substrates all function in protein synthesis and degradation (15) or central metabolism (5) ( Figure 1C ). The 15 common protein synthesis COGs included tRNA synthetases, ribosomal structural proteins, translation elongation factors, protein folding chaperones, and members of the Clp protein degradation system. The five common metabolic COG candidate substrates were glycolytic and tricarboxylic acid (TCA) cycle enzymes.
Several studies have analyzed the genomes of hundreds of bacterial species to catalog minimal sets of genes that are essential to life in diverse environments. To evaluate whether GzmB selectively targets essential genes, we compared the candidate GzmB targets with a minimal list of 206 protein-coding bacterial genes deemed essential for bacterial survival and reproduction by manual annotation of the literature (Gil et al., 2004) (Figure 1B ). The common GzmB targets in all 3 bacteria were highly enriched for these proteins-12 of 20 common targets were in this core set of essential genes (p = 10 À8 ). We also compared the common GzmB targets with another core gene list, obtained from analyzing the genes of 317 bacterial species that grow under diverse conditions, which are maintained even in obligate intracellular bacteria that have much attenuated genomes (Merhej et al., 2009) . Again, the common GzmB targets were highly overrepresented in this core gene set (p = 10
À10
). Thus, GzmB selectively targets essential bacterial proteins. Consistent with these observations, the common GzmB targets were also over-represented in the genome of the predicted last universal common ancestor (LUCA) of all bacteria (p = 0.04) (Weiss et al., 2016) . The genome of LUCA was inferred from phylogenetic analysis of 6.1 million bacterial protein-coding genes. LUCA is predicted to be a CO 2 -and N 2 -fixing anaerobe.
We next identified biological pathways that were significantly enriched in the list of 132 candidate GzmB substrate COGs common to at least 2 bacterial species using annotation from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Table S2) . We measured over-representation of these pathways among the overlapping COGs compared to the rest of the genome using the hypergeometric test. These enriched pathways encompassed a broad range of carbohydrate, fatty acid, amino acid, and nucleotide metabolic and biosynthetic processes. The most significantly enriched pathways were pyruvate metabolism (p = 10 À7 ), aminoacyl-tRNA biosynthesis (p = 3.3 3 10 À6 ), TCA cycle (p = 2.3 3 10 À5 ), and glycolysis and gluconeogenesis (p = 3.7 3 10 À5 ), confirming that proteins essential for glycolysis and protein synthesis were selectively targeted. Other enriched pathways were involved in glutathione metabolism (part of the oxidative defense system), DNA damage repair, and degradation of organic compounds that might be nutrients or environmental toxins. The 494 candidate GzmB substrates identified in any of the three bacterial species similarly were concentrated in the same central pathways (Figure 2 ; Table S3 ). (Caspi et al., 2012) . GzmB targets key metabolic and biosynthetic pathways.
(B) Venn diagram of putative GzmB substrates identified by differential proteomics. 132 COG products were shared GzmB substrates in at least 2 species and 20 were shared in all three species. The overlaps between the GzmB targets are significantly higher than expected by chance. The common GzmB targets were enriched for core COG products identified as essential for bacterial to survive in varying environments.
(C) The functions of the 20 GzmB substrates common to all 3 bacterial species. These proteins function in protein translation (tRNA synthetases, ribosomal proteins, translation elongation factors), protein folding (chaperones), protein degradation, and central metabolism (glycolysis and TCA cycle). See also Figure S1 and Table S1 .
To determine if GzmB preferentially targets proteins in specific pathways over other conserved processes, we compared the composition of common orthologous proteins present in all three species with the putative GzmB targets. The common orthologs were enriched in core machinery involved in transcription, translation, and DNA replication and repair (Table S4) . Although there was some overlap between the conserved pathways (Table S4 ) and the GzmB-targeted pathways (Tables S2 and S3) , notably in ribosome components and aminoacyl-tRNA biosynthesis, the pathways over-represented in GzmB targets did not include the core pathways for DNA replication, DNA repair, or transcription. Thus, although GzmB targets vital pathways, the GzmB targets do not seem to be determined only by evolutionary conservation.
To analyze whether the GzmB targets were indeed enriched in central metabolism and protein synthesis pathways rather than being biased toward these targets because they might be more abundant, we computationally modeled the predicted targets of a ''random'' protease that cleaves proteins based on their abundance and conservation (as described in the STAR Methods). Our analysis revealed that the targets of GzmB differ significantly from those of a random protease (p value = 10 À33 , t test), confirming that GzmB is not indiscriminate in its targets.
GzmB Cleaves Core Metabolic Enzymes
Because metabolic enzymes were prominent among the common GzmB targets, we analyzed the impact of inhibiting the targeted Ec metabolic enzymes using a genome-scale computational model of Ec metabolism (Orth et al., 2011) . This model contains 2,251 metabolic reactions, 1,366 metabolic genes, and 1,136 metabolites. We simulated Ec metabolism in 125 growth conditions involving different carbon and nitrogen nutrient sources such as glucose, amino acids, and nucleotides, and identified metabolic genes that are essential for optimal growth (Table S5 ). GzmB targets included 25 key growth limiting metabolic enzymes that are required for growth in over 100 diverse growth environments (Table S6 ; p = 9 3 10 À4 ). Thus, GzmB disrupts the ability of bacteria to survive in most metabolic conditions.
GzmB Disrupts Protein Synthesis Globally
The majority of antibiotics disrupt protein synthesis. For this reason, and because protein synthetic pathways had the most common putative GzmB targets, we focused our biochemical validation on protein synthesis. To examine the effect of GzmB on overall protein synthesis, Ec, Lm, and Ms were treated with sublytic GNLY and GzmB (200 nM), or the antibiotic translation inhibitor chloramphenicol, or transcription inhibitor rifamycin, or both. Cytotoxic lymphocyte proteins were purified as previously described (Thiery et al., 2010) . GNLY was titrated for each batch to determine the sublytic concentration for each strain that causes %20% bacterial killing assessed by colonyforming unit (CFU). Protein synthesis and bacterial cell numbers were assessed by 35 S incorporation and CFU, respectively (Figure 3A) . Experiments were performed in the presence of the superoxide scavenger Tiron to inhibit the rapid oxidative death that kills most bacteria within 5 min , too quickly to measure 35 S incorporation. New protein synthesis decreased dramatically and rapidly compared to untreated bacteria. Within 15 min of adding GzmB and GNLY and before significant bacterial death occurred,
35
S incorporation was reduced by approximately half, almost as much as occurred after adding rifamycin and/or chloramphenicol. Bacteria treated with GNLY and GzmB in the presence of Tiron continued to die over 4 hr until colony counts were $13% of untreated control cultures, while those treated with antibiotics remained >60% viable over 4 hr, as expected based on the known bacteriostatic properties of these antibiotics ( Figure S2 ). To confirm that GzmB disrupts translation, we treated Ec cell lysates containing a luciferase expression plasmid with nanomolar concentrations of GzmB for 0-60 min and measured luciferase transcription and translation by luminescence ( Figure 3B ). Luciferase activity declined in a GzmB concentration and time-dependent manner. In the presence of 200 nM GzmB, luminescence was reduced by 60% after 15 min incubation and was undetectable above background after 60 min incubation. Thus, GzmB disrupts de novo protein synthesis in representative gram + and gram À bacteria and mycobacteria. Because mouse GzmB has somewhat different, but overlapping, substrate activities than human GzmB (Casciola-Rosen et al., 2007; Kaiserman et al., 2006) , we wanted to determine whether mouse GzmB also kills bacteria and inhibits protein synthesis. Although mouse GzmB had somewhat lower specific activity against a peptide substrate than human GzmB ( Figure S3A ), incubation of Ec, Lm, or Ms with mouse GzmB (200 nM) and GNLY for 20 min strongly inhibited CFU of all 3 bacteria by 80%-90%, almost as much as the same concentration of human GzmB and GNLY ( Figure S3B ). Moreover, GNLY and mouse or human GzmB similarly inhibited 35 S incorporation ( Figure S3C ). With either GzmB, translation was inhibited within 15 min before appreciable cell death.
To begin to examine whether the common candidate proteins important for translation identified by proteomics are bona fide targets, we expressed and purified two ribosomal protein targets, RplA and RpsD, the elongation factor FusA, and the ribosome binding ATPase/GTPase YchF, which were candidate substrates in at least two of the bacterial species we analyzed, and determined by immunoblotting with anti-His tag antibody whether they are human GzmB substrates ( Figure 3C ). Cleavage was assessed by progressive reduction in the full-length protein and/or detection of a cleavage band. All 4 proteins in Ec and Lm were cleaved by 100 nM GzmB, while MTB RplA, RpsD, and FusA, but not YchF, were also cleaved. It is worth noting that YchF in MTB was not a Protein targets of GzmB in Ec, Lm, and MTB were mapped onto the universal KEGG metabolic map. Common targets shared in at least two species are shown in red. GzmB targets key metabolic pathways in energy, amino acid, lipid, nucleotide, and redox metabolism that are central to the survival of the cell. See also Tables S2-S6. predicted GzmB substrate from the proteomics analysis. These data suggest that our proteomics predictions are reliable (11 of 11 putative substrates tested were validated) and confirm that key proteins involved in translation are GzmB substrates.
GzmB Disrupts E. coli Ribosomes Because GzmB is predicted to target multiple ribosomal proteins ( Figure S4 ), we hypothesized that GzmB would directly disrupt ribosome assembly, stability, and function. To evaluate the effect of GzmB on ribosomal structure, we treated Ec crude ribosomal fraction or purified 70S, 50S, and 30S subunits with nanomolar concentrations of human GzmB for 30 min and analyzed ribosomal integrity by density centrifugation (Figures 4A and 4B) . Treatment of Ec crude ribosomal fractions or subunits reduced the abundance of intact ribosomes in a dose-dependent manner as assessed by absorbance at 260 nm without affecting ribosomal RNA (16S and 23S), measured by Bioanalyzer electropherogram (data not shown). Both human and mouse GzmB degraded Ec crude ribosomal fractions, although the mouse enzyme was less efficient ( Figure S3D ). We also investigated the effect of human GzmB treatment on prokaryotic polysome structure by transmission electron microscopy (TEM) (Figures 4C and 4D) . When polysome fractions were purified from Ec lysates, treated with 50-200 nM human GzmB for 30 min, and imaged by negative-staining TEM, there was a dose-dependent decrease in both ribosome size and the average length of polyribosomes. We also treated purified 70S Treatment with chloramphenicol or rifamycin were used as controls to disrupt translation elongation or transcription, respectively. The reactions were performed in the presence of an ROS scavenger to inhibit the rapid oxidative death caused by GzmB and GNLY . A longer time course for Ec is shown in Figure S2 . Ec ribosomes with human GzmB and used mass spectrometry to identify human GzmB cleavage products by terminal amine isotopic labeling of substrates (TAILS) ( Figure 4E ) . Cleavage products of 7 ribosome proteins (RpsA, RpsC, RpsD, RplA, RplD, RplF, RplN), whose cleavage sites matched the GzmB preference for Asp at the P1 position and a neutral amino acid at the P4 position (Thornberry et al., 1997) , were identified. These included 4 of the 6 ribosomal proteins identified as Ec substrates by proteomics (RpsA, RpsD, RplA, RplD) and 3 others that were not identified in Ec proteomics. Thus, GzmB directly cleaves multiple ribosomal subunits, disrupting the structure of the ribosome.
GzmB Cleaves and Inactivates Aminoacyl tRNA Synthetases
Aminoacyl tRNA synthetases (aaRS), which charge tRNAs with their respective amino acids using ATP hydrolysis for energy, were also prominent common substrates among the candidate proteomics hits ( Figure S5 ). Twelve aaRS were identified as human GzmB targets in Ec by proteomics. To validate some of these hits, we expressed and purified tagged versions of 5 of these putative Ec substrates (GltX, HisS, LysS, MetG, TyrS) and assessed the efficiency of their cleavage (k CAT /k M ) by immunoblot ( Figures 5A and 5B ). Human GzmB efficiently cleaved all 5 aaRS tested with k CAT /k M values of $10 4 M À1 s À1 ( Figure 5B ). We next assessed the effect of GzmB cleavage on aaRS function by measuring the generation of pyrophosphate, the reaction byproduct. After incubation with 100 nM human GzmB for 30 min, the ATPase activity of each of these 5 substrates was significantly reduced ( Figure 5C ). To verify that aaRS are cleaved within intact bacteria during killer cell attack, we treated Ec expressing other His-tagged aaRS for 30 min with GNLY and nanomolar concentrations of human GzmB in the presence of 10 mM Tiron to inhibit rapid oxidative death and used anti-His tag immunoblots to assess cleavage. All 5 in vitro validated Ec aaRS substrates were also in vivo substrates. Thus, GzmB attacks multiple class I and II aaRS, which have little sequence homology, to inhibit their aaRS activity, which is essential for protein synthesis.
GzmB Disrupts Bacterial Protein Folding and Removal of Misfolded Proteins
Newly synthesized proteins, which emerge from the ribosome in an unfolded state, are protected from aggregation and degradation by the ribosome-associated chaperone trigger factor (TF), the heat shock protein DnaK, and the chaperonin GroEL (Langer et al., 1992) . Lack of TF and DnaK leads to accumulation of (D) Mean ribosome diameter (top, n = 300) and number of ribosomes/polyribosome (bottom, n = 22) measured after treatment with indicated concentrations of GzmB, as in (C). Mean ± SEM of three independent experiments. ***p < 0.001; **p < 0.01; *p < 0.05, Student's t test, compared to 0 min sample. (E) GzmB substrates in purified Ec ribosomes and their respective cleavage sites identified by mass spectrometry using terminal amine isotopic labeling of substrate (TAILS). The cleavage sites all fit the motif characteristic of GzmB substrates. In the peptide sequences, ] indicates heavy TMT-labeled N terminus, # indicates heavy TMT-labeled Lys and a period (.) indicates the cleavage site. See also Figures S3 and S5 . misfolded proteins and reduced Ec viability, which is rescued by overexpression of GroEL (Genevaux et al., 2004; Mogk et al., 2011) . Surprisingly, all of these key chaperones of newly synthesized proteins, TF, GroEL, and DnaK, are common putative targets of human GzmB, and other protein chaperones are also candidate substrates in some of these bacteria ( Figure 1C ; Table S1 ), suggesting that protein folding might be another process critical to protein synthesis targeted by GzmB. To begin to study the effect of GzmB on bacterial folding, we expressed and purified tagged Ec, Lm, and MTB TF and incubated them with human GzmB. All of the TFs were efficiently and rapidly degraded by nanomolar concentrations of human GzmB ( Figure 6A ). Next, we examined the effect of GzmB cleavage on TF folding activity using an in vitro assay that assesses refolding of guanidine HCl-denatured His-tagged recombinant GFP by measuring GFP fluorescence ( Figure 6B ). Pretreatment of purified recombinant Ec, Lm, and MTB TF with 100 nM human GzmB for 5-30 min decreased GFP refolding in a time-dependent manner. After 30 min of GzmB treatment, TF completely inhibited GFP refolding. Some ectopically expressed TF fragments cause protein aggregation, which inhibits even spontaneous protein refolding (Kramer et al., 2004; Merz et al., (legend continued on next page) 2006); we speculate that the GzmB fragments of TF also inhibited the spontaneous refolding of denatured GFP.
Cleavage of the chaperones that fold newly translated proteins is expected, even in the absence of protein aggregation caused by chaperone fragments, to increase the quantity of protein aggregates, which are toxic to bacteria. Misfolded and unfolded proteins are removed by proteolytic degradation by the Clp protease ClpP working with Clp ATPases and chaperones that unfold proteins and feed them to the protease (Gottesman et al., 1998; Kress et al., 2009) . Bacteria deficient in the Clp system are impaired in handling cellular stresses and have reduced virulence. Mutation of the gene encoding the protease of the unfolded protein-degrading complex (clpP) is lethal for MTB (Raju et al., 2014) and reduces S. aureus virulence (Frees et al., 2014) . Both Clp proteases and ATPases were common predicted human GzmB targets in Ec, Lm, and MTB by proteomics. Four of 5 recombinant Ec Clp proteins (the ClpP protease, ClpA and ClpX unfoldases, and the ClpS adaptor, but not ClpB, which was not identified as a candidate substrate) were cleaved by nanomolar concentrations of human GzmB (Figure 6C) . Based on the extent of cleavage and cleavage kinetics, ClpS appeared to be the best substrate in the Ec Clp complex, followed by ClpA and then ClpX, while ClpP was the poorest substrate, which did not appear to decline until after $30 min of GzmB incubation. To test whether any of the Clp proteases are cleaved in vivo in intact bacteria, we treated Ec expressing tagged ClpP or ClpX with GNLY and 100 nM human GzmB for 30 min and analyzed protein levels by immunoblot ( Figure 6D ). ClpX was completely degraded, but the weaker substrate ClpP did not appear to be degraded under these conditions ( Figures  6C and 6D ). 6 Clp subunits (B, C, E, P, P2, and X) in Lm and 3 subunits (ClpB, C1, and X) in MTB were also proteomics hits, but they were not experimentally tested as substrates (Table S1) .
Based on the size of the Ec N-terminal GST-tagged 37 kDa ClpX cleavage fragment ( Figure 6C ), GzmB was predicted to cut ClpX after Asp144 in the AAA domain and interfere with its unfolding activity. Proteins stalled in translation are tagged with an ssrA tag, which marks the translated protein fragment for recognition by ClpX and degradation. To examine the functional consequences of GzmB cleavage of ClpX, we incubated purified GFP, bearing a C-terminal ssrA tag, with ClpX, which was pretreated or not with 100 nM GzmB for 5-30 min, and measured the decline in GFP fluorescence as a measure of ClpX-mediated unfolding ( Figure 6E ). ClpX completely unfolded GFP within 30 min, but GzmB on its own did not affect GFP fluorescence. However, GzmB pretreatment of ClpX reduced its unfoldase activity. When we expressed ssrA-tagged GFP in Ec, GFP fluorescence was significantly increased by treating the bacteria with GNLY and human GzmB, suggesting that GFP degradation by the Clp system was impaired ( Figure 6F ). Control Ec overexpressing GFP-ssrA, but deficient in ClpX and/or ClpP, had significantly higher GFP fluorescence than wild-type bacteria, and GFP fluorescence was not significantly altered by treating the Clp-deficient bacteria with GNLY and GzmB ( Figure 6F ). These data taken together suggest that GzmB cleavage of Clp system proteins disrupts the Clp function of removing proteins targeted for degradation.
DISCUSSION
We previously showed that killer cells use the antimicrobial cytotoxic granule protein GNLY to deliver Gzms into bacteria, which cause oxidative death by disrupting electron transport and oxidative phosphorylation, generating superoxide anion and crippling bacterial oxidative defenses. Now, we show that GzmB kills bacteria even when oxidative death is suppressed, by targeting multiple conserved biosynthetic and metabolic pathways needed for bacteria to survive in diverse environments. Key components of protein synthesis, including multiple ribosomal proteins, tRNA synthetases, protein chaperones, and the Clp system, are selectively degraded, globally disrupting the production of new proteins. Metabolic pathways critical for both oxidative metabolism and anaerobic glycolysis are predicted to be disrupted, although we did not experimentally explore the effect of GzmB on these pathways. Unlike antibiotics, which generally target a single essential protein, this bacterial immune defense utilizes a multipronged strategy to kill bacteria. We call this death ''microptosis'' (microbial programmed cell death), because it resembles apoptosis of eukaryotic cells, which is triggered when a cellular protease is activated that targets multiple substrates in key survival pathways.
The consequence of this multipronged strategy is that phylogenetically diverse bacteria growing under varying conditions are targeted. Developing resistance should prove difficult. Bacterial resistance could develop by bacterial strategies to cleave or inactivate the Gzms. However, human killer cells express 5 Gzm serine proteases, each with different substrate specificities (for example, GzmA cleaves after Arg or Lys, while GzmB cleaves after Asp), and each of the 3 Gzms we have looked at (A, B, M) can independently cause microptosis ) (data not shown). The mammalian serpin granzyme inhibitors only inhibit enzymes with the same substrate specificity (Bots et al., 2006) . No mammalian cell, including cancer cells, has been identified that is resistant to all the death-inducing Gzms. Similarly, it may be difficult for bacteria to develop panresistance to all the Gzms to subvert this immune defense. Alternate mechanisms of resistance might be alteration of bacterial membrane lipid composition to resist GNLY binding or membrane lysis or to inhibit killer cell activation or release of cytotoxic (D) In vivo cleavage of C-terminal His-tagged ClpP or ClpX in Ec assessed 30 min after incubation with 100 nM GzmB and sublytic GNLY. Although recombinant ClpP was cleaved in vitro in (C), cleavage of ClpP was not detected within bacteria, suggesting that ClpP is not a physiologically relevant substrate. (E) ClpX unfoldase activity on purified ssrA-tagged-GFP, measured by loss of GFP fluorescence after treatment with 100 nM GzmB. (F) Change in in vivo ssrA-tagged GFP protein measured by GFP fluorescence in wild-type (WT) Ec treated with GNLY and/or GzmB. ClpX À , clpP À , or clpXP À strains were used as controls. Mean ± SEM of three independent experiments. ***p < 0.001; **p < 0.01, ns, not significant, one-way ANOVA compared to untreated WT bacteria. In (A)-(E) representative data from three independent experiments are shown.
granules. To begin to assess whether bacteria might develop resistance, we treated Ec repeatedly for 14 passages with sublytic GNLY and GzmB and looked at whether resistance developed by measuring CFU. Yet after 14 passages, Ec did not develop resistance ( Figure S6 ). However, it is worth looking in more detail at whether resistance develops after more prolonged exposure or in other bacterial species grown under different nutrient and environmental conditions. Many current antibiotics inhibit different stages of bacterial protein synthesis, such as translation initiation (linezolid), aminoacyl tRNA binding (tetracyclines), peptidyl transfer (chloramphenicol, macrolides, quinupristin), ribosomal translocation (macrolides, aminoglycosides, fusidic acid), and termination (macrolides, puromycin, streptogramins). Bacterial growth is inhibited when these antibiotics bind to either the 30S subunit (aminoglycosides, tetracyclines) or the 50S subunit (chloramphenicol, macrolides, linezolid, streptogramins) of the bacterial ribosome. It is intriguing that both natural microbial products on which these antibiotics are based and immune proteases both evolved multiple strategies to disrupt protein synthesis. Drug resistance develops to these antibiotics when bacterial mutations in the ribosomal binding sites reduce antibiotic binding affinity. GzmB also disrupts bacterial pathways targeted by the next generation of antibiotics, such as mupirocin (isoleucyl t-RNA synthetase inhibitor) or acyldepsipeptide (ADEP) (ClpP activator), which are active against bacteria resistant to current antibiotics. However, these new compounds also bind to individual bacterial proteins and are also likely to induce antibiotic resistance.
Unlike the antibiotics that disrupt protein synthesis, which are mostly bacteriostatic, GzmB-mediated bacterial cell death is bactericidal, probably because it targets so many vital pathways in addition to protein synthesis. A novel strategy to develop a new type of antibiotic that could be relatively impervious to drug resistance would be to mimic granzymes by designing proteases that could enter bacteria and disrupt multiple systems in parallel. Although peptide drugs are more expensive and difficult to develop than small molecule antibiotics, the need for new strategies to overcome antibiotic drug resistance is great. The key to getting this strategy of protease antibiotics to work would be to develop feasible strategies to deliver a protease selectively into bacteria without harming mammalian cells. Some pore-forming proteins are selectively active against microbial versus mammalian membranes. For example, GNLY is inhibited by cholesterol and requires much higher concentrations to damage mammalian than bacterial membranes (Barman et al., 2006; Chung et al., 2008) . Another immune pore-forming protein, gasdermin D, which is activated by innate immune sensing of invasive pathogens, damages bacterial membranes, but only damages mammalian membrane from inside cells (Liu et al., 2016) .
Our experiments to test the predicted GzmB substrates in bacteria were able to confirm 20 of 21 candidate substrates (95%). These experiments independently confirmed, as GzmB substrates, 9 ribosomal proteins (in multiple bacteria), 5 tRNA synthetases in Ec, TF in Ec, Lm, and MTB, and 3 of 4 Clp proteins in Ec. This high confirmation rate, which is similar to what we previously found using the same proteomics method to identify Gzm substrates in mammalian cells, suggests that the proteomics data are reliable at identifying both individual substrates and the pathways that are disrupted. Moreover, in vitro cleavage of recombinant candidate substrates by nanomolar concentrations of recombinant GzmB strongly suggests that GzmB does not induce cell death by activating a bacterial protease, but instead directly cleaves most of the substrates we identified by analyzing the proteome of GzmB-treated whole bacterial lysates. However, the cutoffs we chose for identifying proteomics substrates were conservative and may have discarded some bona fide physiologically relevant substrates.
The Gzms, like the caspases, are selective proteases. In mammalian cells, the Gzms also do not degrade most cellular proteins. For example, even though GzmA is a tryptase, incubation of cell lysates or organelles with trypsin leads to almost complete protein digestion, but incubation with a similar concentration of GzmA only causes degradation of a small fraction of proteins. How then do the Gzms selectively target vital pathways? Although GzmB cleaves after Asp residues within preferred tetrapeptide sequences, the motif is not exact and does not predict substrate cleavage sites with specificity. The crystal structures of the granzymes have suggested that the binding pocket of the active enzymes is not very deep or specific, and substrate specificity is determined by extended binding of substrates or their binding partners to granzyme ''exosites'' on the surface of these very positively charged enzymes (Esté banez-Perpiñ a et Hink-Schauer et al., 2003) . It is not clear whether a highly specific algorithm to predict mammalian or bacterial substrates is possible. It is surprising that the granzymes are able to ''choose'' essential metabolic and biosynthetic enzymes in bacteria as their substrates.
Nonetheless, it is likely that the Gzms were selected during evolution to efficiently cleave substrates that contribute effectively to their function in killing host and microbial target cells. Both Gzms and GNLY first appeared relatively recently during evolution in cartilaginous fish. Because many bacteria produce antimicrobial peptides, one wonders whether microptosis might be a more ancient pathway activated by bacterial proteases and used by aggressive bacteria to eliminate rival species in biofilms or crowded communities where nutrients are limiting. The adaptive immune system, which developed relatively late in evolution, might have hijacked a microbial pathway to control infection. Microptosis by killer cell Gzm may have similar features to the programmed cell death proposed to be induced in bacteria that are subjected to irreparable damage, for example by oxidative or DNA damage stresses or antibiotics (Bayles, 2014) . The endogenous membrane pore-forming proteins (''holins'') activated in bacteria by irremediable stresses may function like the BCL2 family proteins that activate mitochondrial outer membrane permeabilization in eukaryotic cells undergoing intrinsic apoptosis or the killer cell pore-forming GNLY.
Some of the pathways that the Gzms disrupt could point the way to novel targets for antibiotic drug development. Similarly, the common pathways that Gzms target in bacteria, might be disrupted by cleaving orthologous substrates in other classes of microbes, such as parasites, or even in mammalian cells.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: were used. Ec clpX-strain was a gift of Tania Baker (MIT, Cambridge). Ec clpP-and clpXP-strains were gifts of Alfred Goldberg (HMS, Boston). Ec, Lm and Ms were grown at 37 C in 2.5% LB, BHI or Middlebrook 7H10 with OADC media, respectively.
METHODS DETAILS
Bacterial plasmids
Putative GzmB substrates were cloned into pET21a (Addgene) and His-tagged proteins were expressed in Ec and purified on a nickel column. The ssrA-GFP plasmid was a gift of Tania Baker (MIT, Cambridge).
GzmB and GNLY GNLY (a mixture of 15-kDa and active 9-kDa isoforms) and GzmB were purified from YT-Indy, a human natural killer cell line (obtained from Z. Brahmi, Indiana University School of Medicine) (Thiery et al., 2010) . Recombinant human inactive serine-to-alanine (S-A) active site mutants were produced in 293T cells (ATCC) as previously described (Dotiwala et al., 2015) . Purified recombinant mouse GzmB, expressed in a baculovirus expression system, was purchased from Sigma. Activity of recombinant GzmB was assessed by cleavage of the peptide substrate benzyloxycarbonyl AlaAlaAsp-thiobenzyl ester. For each batch of purified protein, the sublytic concentration of GNLY was determined for each bacterial species, as the concentration that led to a 10%-20% reduction in CFU after 30-60 min of treatment. Because the sublytic concentration varies between batches, it was determined for each protein preparation.
2D-Proteomics
Cell free lysates from Ec, Lm and MTB were treated with 200 nM GzmB or inactive S-A GzmB for 30 min and the proteins prepared for isoelectric focusing (IEF) using the 2-D clean up kit (GE Healthcare Life Sciences). Protein samples were dissolved in 4% CHAPS, 5 M urea, 2 M thiourea and adsorbed onto IEF strips (Bio-Rad). After IEF, the strips were equilibrated in 2% DTT and 2.5% iodoacetamide to reduce and alkylate cysteines and the second dimension was run on a 12% SDS-PAGE gel. Gels were silver stained using SilverQuest kit (Invitrogen), scanned and compared using Redfin software (Ludesi). Spots that disappeared after GzmB treatment were excised from the S-A GzmB-treated sample gel, trypsin-digested in gel, and then analyzed on a nanoscale reverse-phase HPLC by electrospray ionization and LTQ linear ion-trap mass spectrometry at the Taplin Biological Mass Spectrometry Facility, Harvard Medical School. Results from mass spectrometry were checked by comparing the molecular weight and pI of the protein hits to that to the corresponding spots on the gel. Protein targets that returned at least 4, 3 and 12 unique peptides for Ec, Lm and MTB, respectively, were identified as potential GzmB substrates.
Bioinformatics analysis
Genome annotation and COG assignment of putative GzmB substrates for all three species were obtained using the Uniprot and Microbes Online databases (Dehal et al., 2010; UniProt Consortium, 2015) . 273 of 278 Ec target genes, 152 of 163 Lm targets, 306 of 334 MTB targets were mapped onto COG categories. Pathway enrichment for the common targets was done using annotation from the KEGG database for Ec (Kanehisa et al., 2014) . GzmB target names were mapped on to KEGG Orthology (KO) identifiers prior to visualization on the universal KEGG metabolic map viewer.
Metabolic network modeling
Metabolic genes required for optimal growth were determined using flux balance analysis (FBA) (Orth et al., 2010) . FBA is a metabolic modeling approach that identifies a metabolic flux state that satisfies stoichiometric and thermodynamic constraints, while maximizing the flux through a biomass synthesis reaction that represents the synthesis of amino acids, nucleotides, lipids and other essential cellular components. A gene is predicted to impact growth by FBA if a reduction (> 1%) in biomass synthesis is observed after all the metabolic reactions that are associated with a gene are constrained to have zero flux. The 125 metabolic conditions used for identifying metabolic genes necessary for optimal growth were obtained from Chandrasekaran and Price (2010) and are listed in Table S4 . Overall, 217 genes, corresponding to 209 COGs were identified to be necessary for optimal growth in over 90% of the conditions. The significance of the overlap between these 209 COGs and 132 GzmB targets was estimated using the hypergeometric test.
GzmB cleavage assay
Bacterial genes, expressed from pET21a with a C-terminal His 6 tag in BL21-DE3 Ec grown in Luria broth, were induced with 0.1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG, Sigma) for 1 hr. The tagged proteins were purified using Ni-NTA Superflow beads (QIAGEN). Purified proteins were diluted 1:100 in 20 mM NaCl, 10 mM TrisHCl, pH 7.5, before adding GzmB at the indicated concentration. To assess intracellular cleavage, GzmB and sublytic GNLY were added to Ec expressing His-tagged aaRS that were induced for 30 min at 37 C with 0.1 mM IPTG, in 50 mM NaCl, 10 mM TrisHCl, pH 7.4. Reactions were stopped after 30 min by boiling in SDS-PAGE loading buffer. Samples were analyzed by immunoblot using anti-His 6 mouse monoclonal Ab (Covance, MMS-156P). As a loading control, blots were probed for cytochrome C (Abcam, ab18738).
In vivo global protein synthesis assay Bacteria were grown exponentially at 37 C to an optical density at 660 nm of 0.5 to 0.6. 10 6 bacteria were treated with 100 nM GzmB and sublytic GNLY at 37 C in hypotonic buffer (one third deionized water, two thirds HBSS) in the presence of 10 mM N-acetyl cysteine for indicated times. Following treatment, bacteria were either diluted in LB and plated on LB (Ec), BHI (Lm) or Middlebrook 7H10 with OADC (Ms) agar plates to determine CFU or were centrifuged and suspended in M9 (Ec), HTM (Lm) or Hartmans-de Bont (Ms) medium with 10 mCi/ml of [ 35 S] methionine (PerkinElmer) for 1 hr. An equal volume of 25% trichloroacetic acid was added to the samples, which were kept on ice for 30 min. After centrifugation at 10,000 xg at 4 C for 10 min, the protein pellets were dissolved in 100 ml 2% SDS. Samples were counted in a Topcount NXT scintillation counter (PerkinElmer) after adding 300 ml of scintillation cocktail . Treatment with chloramphenicol (200 mg/ml) and rifampicin (50 mg/ml) were used as translation and transcription inhibitor controls, respectively.
In vitro transcription coupled translation assay
The S30 T7 High-Yield Protein Expression kit (Promega, WI, USA) was used as an Ec extract-based cell-free in vitro transcription coupled translation system (IVTT). The kit includes extracts that contain T7 RNA polymerase for transcription and all necessary components for translation. The T7 S30 extract mix was pretreated with indicated concentrations of GzmB for indicated times at 37 C. Reactions were terminated by adding 250 mM 3, 4-dichloroisocoumarin (DCI) for 15 min at 37 C. IVTT reactions, started by adding 10 ng of S30 T7-Renilla luciferase control plasmid, were incubated at 37 C for 1 hr with constant shaking. Reactions were stopped by placing the tubes at 4 C for 5 min, before measuring luciferase activity by Dual-Luciferaseâ reporter assay system (Promega).
ClpX unfoldase activity assay Unfolding of purified His-tagged GFP-ssrA was assessed as described (Singh et al., 2000) . Recombinant His-tagged ClpX (500 nM), pretreated with 100 nM GzmB or PBS for indicated times, was added to 1.5 mM GFP-ssrA and 2 mM ATP. Fluorescence at 509 nm was recorded every minute after adding ATP, using a Synergy H4 Hybrid Multi-Mode Microplate Reader. Reactions were carried out at 37 C in 50 mM Tris$HCl, pH 7.5, 0.2 M KCl, 30 mM MgCl 2 , 10% glycerol.
In vivo Clp activity assay GzmB (100 nM) and sublytic GNLY (20 nM for this strain) were added at 37 C in hypotonic buffer (one third deionized water, two thirds HBSS) to 10 7 exponential phase Ec ectopically expressing GFP-ssrA for indicated times. After washing for 10 min in HBSS, bacteria were fixed with 2% formalin and stained with 4',6-diamidino-2-phenylindole (DAPI) and FM4-64 (Molecular Probes) for 30 min on ice. Stained bacteria were mounted on glass slides using VINOL mounting medium (Sigma) for fluorescence microscopy using an inverted, fully motorized Axio Observer spinning disk microscope. Images were analyzed with SlideBook V5.0 software. Bacterial cell masks were assigned based on FM4-64 fluorescence, and GFP-ssrA fluorescence within the mask for each bacterium was measured to obtain mean fluorescence intensity/cell in at least 15 fields/slide.
GFP refolding by Trigger Factor
The activity of purified His-tagged Ec, Lm and MTB Trigger Factor (TF) was assayed using a protocol adapted from (Singh et al., 2000) . GFP-ssrA (30 mM) was denatured by adding 10 M guanidine hydrochloride (GdnHCl) drop wise until all observable fluorescence was lost. TF (500 nM), pretreated or not with 100 nM GzmB for indicated times, was added to 1.5 mM denatured GFP-ssrA at 37 C in 50 mM Tris HCl, pH 7.5, 0.2 M KCl, 30 mM MgCl 2 , 10% glycerol. The final concentration of GdnHCl were diluted 10-fold in the working sample. GFP fluorescence at 509 nm was measured every minute after adding denatured GFP-ssrA.
Bacterial resistance assay HBSS, sublytic GNLY (20 nM for this strain), GzmB (100 nM) or both were added at 37 C in hypotonic buffer to 10 7 exponential phase Ec for 30 min. After diluting in hypotonic buffer, Ec were plated on LB agar and incubated overnight at 37 C to determine survival by CFU. A surviving colony from the combined treatment was picked at random, grown to exponential phase in LB, and the procedure was repeated.
Statistical Analysis
Analysis of cell viability and biochemical data was performed using Excel version 1609 (Microsoft, USA). Comparisons of groups were performed using Student's t test and one-way ANOVA test. Statistical significance of the overlap among GzmB targets was performed using the hypergeometric test. In addition, we simulated the effect of a random protease by choosing targets drawn from each species' genome with the same number as the original GzmB targets in each species. We then compared the overlap among this random set of targets with the actual overlap between all three species. We repeated this analysis 500 times and found that the expected overlap between randomly chosen targets was significantly lower than the observed overlap among GzmB targets (p value = 10 À33 , t test). To determine if the observed overlap between GzmB targets were biased due to protein abundance, we repeated the analysis by using the 500 most abundant proteins in each species from the Protein Abundance Database (Wang et al., 2012) . The overlap among random set of targets drawn from this set of abundant proteins was once again significantly lower than the observed overlap among GzmB targets (p value = 10 À9 , t test). Pathway enrichment analysis, common pathway analysis and KEGG pathways enriched for common orthologs were analyzed and p values determined using a hypergeometric test in MATLAB (MathWorks, USA). A p value cut-off of 0.05 was considered statistically significant. (A) Activity of human and mouse GzmB was determined by the maximum rate of hydrolysis of the Boc-Ala-Ala-Asp-S-Bzl peptide substrate. Data depict a representative experiment performed in triplicate (n > 3). (B) Ec, Lm and Ms were treated with 200 nM human or mouse GzmB and sublytic (20 nM) GNLY for 20 min in the presence or absence of 10 mM Tiron and surviving bacteria were assessed by CFU assay. Mean ± SEM of three independent experiments (****p < 0.0001; ***p < 0.001; **p < 0.01; Student's t test, compared to untreated). (C) GNLY and human or mouse GzmB treatment of Ec leads to rapid loss of 35 S incorporation (left) before loss of viability (right). The reactions were performed in the presence of an ROS scavenger to inhibit the rapid oxidative death caused by GzmB and GNLY. Mean ± SEM of three independent experiments (***p < 0.001; **p < 0.01; *p < 0.05, one-way ANOVA compared to untreated bacteria).
Supplemental Figures
(D) Sucrose gradient fractionation of Ec crude ribosomal fraction after incubation with or without human or mouse GzmB for 30 min. The concentrations of mouse and human GzmB (540 nM and 300 nM, respectively) were chosen to have equivalent enzymatic activity as measured in (A). The absorbance at 260 nm measures the RNA content of each ribosomal fraction.
